A case study is presented that concerns the footprints of the low-latitude boundary layer in the highlatitude ionosphere. The measurements were made near local magnetic noon in summertime under conditions of B z >0 and small clock angle. Of particular interest are particle fluxes measured in the region by the NOAA-12 satellite that revealed energetic (>30 keV) electrons, characteristic of trapped particles, together with a population of softer precipitating magnetosheath particles. The particle energydistribution was distinct from those identifying the central plasma sheet at lower latitudes. On its poleward side the layer extended to at least the latitude of the polar cap boundary as identified in ion flows and electron densities measured by the EISCAT Svalbard radar. It is proposed that the particles of the low-latitude boundary layer occurred on newlyclosed magnetic field lines, which were formed by the closure of open polar cap field by lobe reconnection in both Northern and Southern Hemispheres.
Introduction
The influence of the solar wind on the Earth's ionosphere is highly dependent on the mechanisms that couple the two media. Magnetic reconnection between the interplanetary magnetic field (IMF) and the geomagnetic field (Dungey, 1961) is believed to play a key role. When the IMF has a southward component with a clock angle greater than 90 • Correspondence to: S. E. Pryse (sep@aber.ac.uk) reconnection is likely at the magnetopause near the equatorial plane, while reconnection is more likely in the magnetospheric lobes, poleward of the cusp, under a northward IMF and small clock angle . Signatures of reconnection in the dayside high-latitude ionosphere have played a significant part in developing understanding of the coupling process and in identifying footprints of magnetospheric boundary layers.
The IMF clock angle is well-established as an ordering parameter for the characteristics of the high-latitude ionosphere, although many questions remain about the detail of its influence. It is known that a negative IMF B z component drives a two-cell high-latitude convection pattern with antisunward cross-polar flow and return sunward flows at lower latitudes in the dawn and dusk sectors (Reiff and Burch, 1985; Cowley, 1998) . Satellite particle detectors have identified characteristic energies of incoming particles near the reconnection footprints (Newell and Meng, 1995) under the southward IMF condition, with evidence for velocity filter dispersion in the energy flux of precipitating ions (Rosenbauer et al., 1975) . Spatial signatures in electron temperature have been identified by the EISCAT radars in regions that map to satellite ion energy dispersion (Pryse et al., 2000a) , while radio tomography has identified reconnection footprints in the electron density (Walker et al., 1998) . Locating the boundary between the closed terrestrial magnetic field and the open field lines connecting to the IMF is of current interest (Milan et al., 2003) . Using measurements from the NOAA-12 satellite and auroral optics, Moen et al. (1996) identified the central plasma sheet (CPS) with magnetospheric electron flux, and the low-latitude boundary layer (LLBL) with magnetospheric ions embedded in a magnetosheath plasma. The boundary between the CPS and LLBL was associated with the most poleward closed field line. In a subsequent publication NOAA observations suggested the presence of trapped magnetospheric electrons within the magnetosheath-like plasma of the LLBL (Oksavik et al., 2000) .
Ionospheric footprints under conditions of B z positive and lobe reconnection have not been so well studied. Under these conditions the high-latitude convection pattern comprises reverse convection cells with sunward plasma flow in the polar region and antisunward flow at lower polar latitudes, flanked by viscous cells on the dawn and duskside (Cowley, 1998) . If the reverse cells are entirely on open magnetic field lines they are referred to as lobe cells (Reiff and Burch, 1985) . DMSP particle data have revealed reverse ion energy dispersion characteristic of the reconnection with energy decreasing with decreasing latitude (Øieroset et al., 1997) , radio tomography has identified spatial structures in the electron density distribution (Pryse et al., 2000b) and recently Oksavik et al. (2006) have documented that electron density structures may form inside lobe cells due to soft electron precipitation. In its simplest form, an adiaroic boundary separates the polar regime on open magnetic field lines from the lower-latitude viscous regime on closed field lines, across which plasma cannot enter or leave the polar cap. The boundary between the two regimes has been identified at small IMF clock angles in ion flow measurements by the EISCAT Svalbard radar (ESR) by comparison with the equatorward boundary of redline cusp emission (Pryse et al., 2000b) , and it was also a feature of the ESR flow observations of Pitout et al. (2001) under B z positive but with variable clock angle. Milan et al. (2003) used low level UV aurora in the polar cap, co-located with magnetosheath precipitation, to locate the open/closed magnetic field line boundary under northward IMF, identifying the boundary with the equatorward edge of the emission.
Studies of magnetic reconnection under northward IMF using in-situ spacecraft measurements are of considerable interest, in particular in relation to the origin of the plasma in the LLBL. The existence of magnetosheath plasma in the inner LLBL on the earthward side of the magnetopause is a subject of debate, with the mechanism by which it crosses the magnetopause being an open question Lavraud et al., 2005 and references within). Some studies favour diffusive entry, whilst others cite the KelvinHelmholtz instability as the process. An alternative mechanism is based on the prediction of Song and Russell (1992) , which proposes that newly closed magnetospheric field lines are formed at the dayside magnetopause when the IMF is strongly positive by reconnection in both northern and southern lobes. This double reconnection was subsequently supported by case studies using in-situ spacecraft measurements (Le et al., 1996; Onsager et al., 2001) . Theoretical aspects of the internal reconnection also remain of interest, with different topologies for reconnection being suggested. Watanabe et al. (2005) indicate, for example, the possibility of reconnection in the high-latitude, summer hemisphere magnetopause between a northward IMF and a closed geomagnetic field line, followed by closure of the opened field by reconnection in the winter hemisphere. To date most observations to substantiate the theories have been from in-situ spacecraft observations. However, such measurements are somewhat limited with a spacecraft only being able to sample one region of space at any given time. In principle, low-altitude observations in the ionised atmosphere should be able to reveal signatures of this double reconnection when mapped down the converging geomagnetic field lines, and increase the experimental evidence for the proposed mechanisms. Resulting merging convection cells are anticipated to have open lobe flux tubes in the sunward flow at their centre, which are subsequently closed at lower latitudes by reconnection in the other hemisphere (Crooker, 1992) . Such reconnection in both hemispheres was proposed by Lockwood and Moen (1999) as an explanation for their observations of optical emissions, while Sandholt et al. (1999) present optical and satellite data indicating the capture of magnetosheath plasma by the magnetosphere under the condition. However, there has not been much coverage of the ionospheric signature of double reconnection in the literature.
A case study is presented in this current paper where lowaltitude observations suggest that reconnection was occurring simultaneously in the two hemispheres under conditions of IMF northward and small clock angle. The background ionospheric conditions were monitored by the EISCAT Svalbard radar running in a special programme mode near magnetic noon on 24 August 2000, and observations of the incoming particle flux distributions were made almost coincidentally by the NOAA-12 satellite.
Experimental observations

Interplanetary magnetic field
The orientation and magnitude of the interplanetary magnetic field impinging on the Earth's magnetosphere at the time of interest was established from measurements by the ACE spacecraft. The spacecraft, positioned upstream of the Earth in the solar wind at (243.5, -18.2, 33.0) R E , measured a relatively constant solar wind speed of about 310 km s −1 , giving an estimated delay of 95 min for the ionospheric response (Lockwood et al., 1989) . The three components of the interplanetary magnetic field (IMF) observed between 05:00 UT and 08:00 UT are shown in the first three panels of Fig. 1 Of particular interest to the study is the time period between about 06:30 UT and 07:10 UT when the IMF was predominantly northward with a clock angle less than 45 • . This configuration was likely to be supporting reconnection in the magnetospheric lobes, with the negative B x favouring reconnection in the Northern Hemisphere (Crooker and Rich, 1993) . Given the anticipated delay, the signature of the reconnection is expected to be observed in the ionosphere between about 08:05 UT and 08:45 UT.
Background ionospheric plasma
Background ionospheric plasma conditions during the interval of interest were established using the EISCAT (European Incoherent Scatter) radar facility at Longyearbyen, Svalbard. The EISCAT Svalbard Radar (ESR) at 78.2 • N, 
Line-of-sight ion drift
The component of ion drift along the ESR radar beam for the two scans that started at 08:04 UT and 08:24 UT respectively are shown in the top two panels of Fig. 3 . Two clear regimes are evident in both panels: a northernmost region with flow components attaining in excess of 500 m s −1 toward the radar, separated by a clear boundary near 80 • N from a lower-latitude region with small velocity components. The fast flow was accompanied by increased ion temperatures associated with ion-neutral frictional heating. The boundaries between the two regimes indicated in black on the panels are set where the velocity components are essentially zero. The location is a few degrees latitude north of the radar location, ruling out geometrical effects as causing an apparent boundary at the radar zenith where the beam is insensitive to horizontal flow. Closer examination reveals that the boundary occurs near 79.5 • N in the first scan, whereas by the observation of the second scan it has moved poleward. The boundary in the later scan, which will be of main interest for later discussion, is at 80.3 • ±0.2 • N near the F-region peak, with the uncertainty being commensurate with the latitudinal step of the radar beam at 300 km. The location of the boundary at 79.5 • N in the first scan at 08:09.43 UT and its poleward extreme at 80.5 • N in the second scan at 08:26.51 UT are indicated in magnetic terms on the geometry plot (Fig. 2) by the black circles on the two ESR traces.
An abrupt boundary in ion flows measured by the ESR radar was presented in Pryse et al. (2000b) . Comparisons of the boundary location with optical emissions and plasma drift measured by the CUTLASS radar, showed it to be located at the equatorward edge of the polar cap where the sunward flow of the reverse polar cells, in this instance lobe cells, gave way to the viscous cells at lower latitudes. In the observations of the current paper, it is not possible to obtain the full vector velocity of the flow due to the ESR measuring the component of flow directed towards the radar. However, such a sharp transition as shown in Fig. 3 from fast equatorward velocity components in excess of 500 m s −1 to small poleward velocity components is likely to occur in the region where the sunward flow of reverse cells gives way at the edge of the polar cap to the weak meridional flows at lower latitudes.
Electron density distribution
The two regimes on either side of the boundary in ion drift are also revealed in the spatial electron density distributions measured by the ESR (bottom two panels of Fig. 3 ). Poleward of the boundary is plasma in the polar cap, whilst photoionisation occurs on the equatorward side with the lower latitude plasma extending to higher latitudes by the second scan. This extension of the photoionisation is mainly in response to a decreasing solar zenith angle, but it is possible that poleward convection in the weak viscous cells also contributes in the scan starting 08:24 UT.
The coincident abrupt transition in both the line-of-sight ion drift and the electron density clearly signify a boundary between two regimes. Taken collectively these are used as a proxy of the boundary of the polar cap. Whilst the open/closed boundary of the geomagnetic field cannot be categorically identified, it is likely to be near this transition in flow and electron density. To the north is the polar cap where the field lines are open and on the southern side a weak viscous regime on closed field lines. Of particular interest to the current paper are measurements of fluxes of precipitating and trapped particles made by NOAA-12, a satellite in circular orbit at an altitude of about 815 km that crosses the northern cusp/cleft region from dusk to dawn. The satellite is part of the National Oceanic and Atmospheric Administration and Television and Infrared Observation Satellite program, and further details of the satellites and their sensors are given by Raben et al. (1995) . NOAA-12 passed near Svalbard during the time of interest, reaching its highest invariant latitude of 77.5 • ILAT at 08:24.25 UT and 11:22 MLT. Its trajectory mapped to an altitude of 300 km is indicated in geomagnetic terms in Fig. 2 , where the magnetic latitudes are in MLAT. The path essentially intersected the poleward extreme of the boundary identified in the ESR ion flows almost concurrent in time with the radar observation, with the satellite observing the region near 08:24.10 UT less than three minutes before the ESR observed the same region at 08:26.51 UT.
The five panels of Fig. 4 show the measured integrated flux for electrons with energies (a) 300-458 eV, (b) >30 keV, (c) >100 keV and ions with energies (d) 0.3-2.5 keV, (e) 30-80 keV. In panels (b) and (c) the dashed and solid curves are for trapped and precipitating particles respectively with pitch angles near 80 • and 10 • , respectively. Panel (e) shows the flux of the precipitating ions in the 30-80 keV channel; information was not available for the trapped ions. The vertical dashed line through the panels indicates the location of the intersection of the satellite trajectory with the ESR scan plane near the upper uncertainty limit of the polar cap boundary identified by the radar, whilst the two solid lines on either side of the intersection indicate the locations of the magnetic latitude of the lower uncertainty limit of the boundary. The locations of the lower limits of the boundary in the figure are displaced in longitude from that of the scan, and their geographic latitudes are therefore different to that of the boundary limit on the ESR scan. The polar cap boundary identified by the ESR is thus anticipated to be at a magnetic latitude poleward of the solid lines but equatorward of the dashed line.
Of particular interest is the part of panel (b) that reveals the presence of significant fluxes of high energy electrons (>30 keV) between 08:20.02 UT and 08:29.02 UT, but with flux levels that are significantly lower than in the traditionally classified central plasma sheet regions on closed field lines observed prior to 08:20.02 UT and between 08:29.02 UT and 08:32.20 UT. The fluxes of trapped electrons in this region between 08:20.02 UT and 08:29.02 UT are generally higher than those of precipitating particles, except within the two solid lines where the fluxes of both are essentially equal suggesting that the pitch angle distribution is isotropic. The region of reduced, albeit significant electron fluxes, at latitudes poleward of the CPS is identified as the ionospheric signature of the LLBL under northward IMF and has a particle flux distribution akin to that reported by Oksavik et al. (2000) for NOAA observations under conditions of negative IMF B z . Its location is indicated by the bold black part of the NOAA 12 trajectory in Fig. 2 . The region of interest also has a population of magnetosheath-type ions (0.3-2.5 keV) which is revealed in panel ( (e) also show a tendency for higher fluxes between these two markers for the CPS/LLBL boundary, but with levels tapering to lower latitudes rather than decreasing abruptly.
Defense meteorological satellite programme (DMSP)
The DMSP F15 satellite traversed the noon-time ionosphere at the time of interest, although it was displaced in MLT from the ESR observations. An abrupt boundary in the electron flux at 08:25.24 UT (72.9 • MLAT, 13:11 MLT) during the pass (not shown) identified the poleward edge of the CPS, which then gave way at higher latitudes to the traditional boundary plasma sheet (BPS) at the higher latitudes in the afternoon sector. The trajectory of the DMSP F15 satellite is shown in Fig. 2 with the CPS region indicated in bold. The trajectory of the satellite did not reach sufficiently high latitudes in the noon sector to intersect the latitudes of main interest near the polar cap boundary, nevertheless it indicated that the poleward edge of the CPS was several degrees equatorward of the boundary. Comparison of the NOAA and DMSP fluxes in the afternoon sector suggests ambiguity in the classification of particles, with NOAA indicating LLBL but DMSP revealing BPS. The cause for this is attributed to the combined LLBL/BPS interpretation used for the NOAA observations as in Oksavik et al. (2000) . However, in the region of particular interest for the current study at the polar cap boundary near magnetic noon the footprint is likely to be that of the LLBL, and the issue of separating the LLBL and BPS is not pursued further here.
Discussion
Observations have been presented of low-altitude signatures of magnetospheric boundary layers under conditions of IMF B z positive. Particle fluxes were identified by the NOAA-12 and DMSP F15 satellites, and measurements of the background ionospheric plasma parameters provided by the ESR radar. Of particular interest to the study was a region near magnetic noon where NOAA flux measurements indicated the presence of both magnetospheric high-energy electrons and low-energy magnetosheath particles. The former are indicative of trapped electrons, usually on closed magnetic field lines, whilst the latter are characteristic of open polar field lines. This region identified as the LLBL by the NOAA observations was clearly distinct from the CPS region at lower latitudes, where the fluxes of the higher energy electrons were significantly higher and those of the soft particles essentially absent. The latitudinal coverage of the ionospheric LLBL extended from its boundary with the CPS at about 73.0 • MLAT to at least 77.3 • MLAT near the polar cap boundary. We cannot be precise about its poleward extreme as it may have extended beyond the most northerly magnetic latitude of the satellite trajectory. The schematic in Fig. 5 with 12MLT on top and dawn on the right-hand-side indicates the interpretation of the observations, illustrating the CPS regime, CPS/LLBL boundary and the LLBL regime together with the equipotential contours of a part of the dawn reverse cell. Also indicated are the ESR scan intersections, the earlier scan labeled 1 and the later scan labeled 2. The polar cap boundary at the time of the earlier scan occurs at the intersection of the ESR trace 1 with the equatorward edge of the reverse cell shown by the dashed curve. By the time of observation of the boundary in the second ESR scan it has receded poleward to the intersection of ESR trace 2 with the adjacent solid black equipotential. Meanwhile it is likely that field lines have been closing between the two boundary locations.
Most studies of the ionospheric signatures of open/closed magnetic field line boundaries have been carried out for conditions of B z negative in wintertime when observations of optical emissions are available. Under conditions of southward IMF closed field lines are opened by reconnection near the equatorial magnetopause. One of the most accepted proxies for the open/closed boundary on the dayside is the poleward edge of high energy trapped electrons. At latitudes poleward of this boundary the particle energies are characteristic of magnetosheath particles indicative of field lines directly open to the magnetosheath and solar wind. Moen et al. (1998) vestigation, also under conditions of IMF B z <0, Oksavik et al. (2000) realised by plotting fluxes on logarithmic scale, that the fluxes of energetic electrons poleward of the CPS did not drop to the background noise level, although the levels were significantly less than in the CPS. This region, with a mixture of low fluxes of electrons with energies >30 keV characteristic of trapped particles and magnetosheath particles, was identified as the footprint of the LLBL. The study highlighted that identification of the open/closed boundary is not straight forward even from satellite particle data, in particular as in this instance DMSP satellite measurements indicated that the LLBL region was on open field lines.
Unlike many previous studies, the current investigation occurs under conditions of B z positive and summertime when optical measurements are not available. It is believed that reconnection occurs in the magnetospheric lobes when the IMF B z is positive and the clock angle is sufficiently small. Freeman et al. (1993) found that the sunward cross-polar flow of the lobe reconnection persisted up to a clock angle of about 70 • , before it gave way to the antisunward convection characteristic of low-latitude reconnection. In the current study the clock angle at the time of interest was less than 45 • with B x <0 favouring the reconnection to occur in the northern magnetospheric lobe. The observation of high energy magnetospheric electrons equatorward of the polar cap boundary is not unexpected, with the field lines anticipated to be closed in the region under conditions of lobe reconnection. However, it appears that there are two regimes of high-energy particles. The first, at the lower latitudes, is the region of the traditional closed field lines associated with the CPS identified by both the NOAA and DMSP satellites. The second is a region poleward of the CPS, identified as the footprint of the LLBL. Within this region there is a low but significant flux of energetic (>30 keV) electrons and also fluxes of low energy magnetosheath plasma, a distribution similar to that identified by the NOAA observations in the LLBL under southward IMF (Oksavik et al., 2000) . It may be that this region of LLBL signature on closed field lines poleward of the CPS corresponds to that of the inner region of a multi-layer LLBL structure observed in situ in the study of Song et al. (1990) . However, in the present case the NOAA satellite trajectory did not extend to sufficiently high latitudes for the layer to be clearly distinguished from an outer layer mapping to the reverse convection cell, should it have existed, although it can be noted that at the poleward extreme of the pass in the vicinity of the polar cap boundary the small fluxes of precipitating and trapped high-energy electrons become essentially equal. There may also be correspondence between the LLBL region reported in the current study and the Boundary Plasma Region (BPR) reported by Rich et al. (1990) , although the satellite observations in the earlier paper were made during a geomagnetic storm with the IMF being northward for a period of hours. Moreover, the electron and ion populations in the BPR had magnetosheath characteristics. Consolidation of different results will require further observations, both in situ and at low-altitude, under a range of different geomagnetic conditions.
Regions of mixed magnetospheric electrons and magnetosheath particles are not well understood. It was proposed by that the mixing layer under IMF B z <0 is on open field lines between the central plasma sheet and the flow-reversal boundary. Moen et al. (2004) observed such a layer and associated it with a low-latitude boundary mixing layer on open field lines. Explanations put forward include the penetration of ring current electrons from the CPS into the LLBL by gradient-B and curvature-B drifts (Moen et al., 2004; , and maintenance of magnetospheric particle fluxes by magnetic bottles on open field lines (Cowley and Lewis, 1990) . This current paper presents observations of such a mixing layer under conditions of lobe reconnection, with B z >0 and small clock angle. Under these conditions it is even more difficult to explain the occurrence of high energy electrons within the LLBL region, with the high energy magnetospheric electrons occurring at latitudes some 4 to 5 degrees poleward of the traditional closed CPS. As an explanation of the observations we suggest that the particles within the LLBL were on field lines that were originally opened under earlier conditions of equatorial reconnection, but were then closed by lobe reconnection in both Northern and Southern Hemispheres when the clock angle was sufficiently small. Reconnection in the northern lobe between these open field lines and the IMF would give rise to overdraped field lines with one end in the Northern Hemisphere, and subsequent reconnection of the field lines in the southern lobe would then create closed field lines. Such double reconnection was proposed by Song and Russell (1992) , and supported by spacecraft observations (Le et al., 1996; Onsager et al., 2001) and by ionospheric optical measurements (Lockwood and Moen, 1999; Sandholt et al., 1999) . The footprint of the newly-closed field lines are likely to occur at increasing latitude as the polar cap boundary moves poleward, illustrated schematically in Fig. 5 by the displacement between the dashed equipotential curve and adjacent solid equipotential curve of the reverse, merging cell in the time interval between the two ESR scans. The means of populating the newly-closed field lines with magnetospheric high-energy electrons remains an open question, with the polar field lines from which the closed field is created unlikely to support magnetospheric electrons before closure. Mechanisms already invoked under B z <0 may be responsible, with, for example, ring current electrons penetrating poleward, although this would require penetration over several degrees latitude. The double reconnection mechanism would also explain the population of magnetosheath ions in the LLBL, with the particle distribution of the polar open field-lines being captured on newly-closed field lines.
It is appreciated that the observations presented were made during a single case event in summertime when optical observations are not available, and that more general findings are desirable. However, additional data for similar studies are not currently available to us. This is not surprising given that the measurements were made during special programme observations by the ESR radar during limited time intervals, and the requirement of coincident satellite observations. Nevertheless we believe that this single summertime case study is of interest, in particular because of the current interest in LLBL plasma characteristics under northward IMF conditions.
Conclusions
Particle flux observations by the NOAA-12 and DMSP F15 satellites and background conditions identified by the ESR radar and the ACE spacecraft have been used to identify lowaltitude signatures of the LLBL magnetospheric layer under conditions of positive IMF B z in summertime. The ionospheric signature of the region extended over several degrees latitude from the poleward edge of the footprint of the CPS to at least the latitude of the polar cap boundary as identified by the ion flows of the reverse convection cell near magnetic noon. The NOAA particle fluxes revealed a mixture of magnetosheath particles and high-energy magnetospheric electrons in the region, with the intensity of the high-energy electrons being significantly lower than in the CPS. The LLBL layer was interpreted as being on newly closed magnetic field lines, formed by the closure of open polar cap field by reconnection with the IMF in both the Northern and Southern Hemispheres.
